Abstract: This paper proposes and demonstrates the creation of sections with a high polarization dependent loss (PDL) in a commercial highly birefringent (polarization maintaining) photonic crystal fiber (PCF), via tapering with pressure applied to the holes. The tapers had a 1-cm-long uniform section with a 66% scale reduction, in which the original microstructure aspect ratio was kept by the pressure application. The resulting waveguides show polarizing action across the entire tested wavelength range, 1510-1600 nm, with a peak PDL of 35.3 dB/cm (c.f. ~1 dB/cm for a typical commercial polarizing fiber). The resulting structure, as well as its production, is extremely simple, and enable a small section with a high PDL to be obtained in a polarization maintaining PCF, meaning that the polarization axes in the polarizing and polarization maintaining sections are automatically aligned.
Introduction
Optical fiber devices for polarization management are essential components in fields such as optical telecommunications, in systems involving polarization multiplexing [1] ; sensing, in schemes that use polarimetric and interferometric measurements to probe environmental parameters [2] ; and inertial navigation, for the development of fiber gyroscopes [3] . In most cases, it is essential to obtain a single linear polarization, with sufficient suppression of the orthogonal polarization component. A means of obtaining such a condition in an all-fiber format is with fibers with a high polarization dependent loss (PDL), known as polarizing fibers. Usually, these fibers are comprised of an elliptical core, resulting in a high birefringence, with different confinement losses for each polarization mode; suppression of the lossier polarization is achieved along propagation. Commercial polarizing fibers typically present a PDL of 0.04~2.16dB/cm, centered at 1550 nm [4, 5] . This means that, e.g., at least ~10 cm of fiber are required to obtain a PDL in excess of 20 dB. Also, for the generated polarization state to be kept along the fiber link, the polarizing fiber needs to be spliced to polarization maintaining fibers, and the polarization axes must be perfectly aligned.
Photonic crystal fibers (PCFs) [6] have been numerically proposed as polarizing fibers [7] [8] [9] [10] , which can be accomplished through careful design of the microstructure's pitch and hole diameters. In one design [7] , the microstructure allowed for guidance in a single polarization, therefore theoretically achieving infinite PDL values. The proposed fiber included a photonic crystal cladding with a pitch to operating wavelength ratio, Λ/λ, of 1.42 and a hole diameter to pitch ratio, d/Λ, of 0.5. This relatively low d/Λ value induces a high cladding effective index, which approaches, and eventually coincides with, the fundamental core mode index as the wavelength increases. The design also included two lines of two or four holes with a larger diameter (hole diameter to pitch ratio, d'/Λ, of 0.95) in either side of the core, which induced a modal birefringence as high as ~3 × 10 −3 . The resulting break of degeneracy for the fundamental mode is then high enough to make the cladding and fundamental mode indices to match at significantly different wavelengths for the slow and fast polarization axes, thus generating the desired polarizing action over a 120 nm bandwidth. It is noted that the mentioned PCF design has not been experimentally demonstrated, possibly due to the relatively complex control over the three design parameter during the fiber drawing process.
Other methods for obtaining polarizing PCFs have also been studied [11] [12] [13] [14] . Espinel et al. [15] numerically showed a microstructured polymer fiber for which the application of hydrostatic pressure induced birefringence and polarizing action. The obtained PDL was of the order of 0.38 dB/cm. Quian et al. [16] experimentally showed a polarizing PCF through partial filling of its microstructure with ethanol. The partial filling weakened modal confinement for one polarization, while the orthogonal polarization propagated with relatively low loss. The reported PDL was approximately 30 dB/cm in the 1480-1600 nm range. Sodré Jr. et al. [17] experimentally demonstrated a hybrid PCF in which residual stress induced a PDL of the order of 0.2-0.5 dB/cm in different bandgaps. However, the proposed fibers mentioned here rely on structures that are difficult to fabricate or to achieve via postprocessing techniques.
Here, we demonstrate the creation of a high PDL fiber section through post-processing of a commercial highly birefringent (polarization maintaining) PCF. The utilized post-processing technique is fiber tapering with the application of differential pressure to the microstructure holes, so that the cross-sectional aspect ratio is kept. Thereby, the initial birefringence increased as well as the confinement loss for one of the polarizations, resulting in a local polarizing action. The tapered section was 1 cm long and resulted in a PDL in excess of 10 dB/cm in the entire 1510-1600 nm tested range. The maximum measured PDL was as high as 35.3 dB/cm. Both the post-processing method and the resulting structure are simple to be obtained and enable flexibility and all-fiber integration in systems with high polarization constraints. A preliminary and briefer description of this work has been previously reported [18] .
Design of high PDL sections
The aim of the present work is to obtain a fiber structure similar to that proposed by Saitoh et al. [7] , but via post-processing of a commercially available highly birefringent PCF (PM-1550-01, by NKT Photonics), the cross section of which is shown in Fig. 1(a) . This PCF has an array of holes with d/Λ = 0.5 (and d = 2.2 μm) and two larger holes positioned on opposite sides of the core (with d'/Λ = 1.02 and d' = 4.5μm). It is noted that both diameter-to-pitch ratios are rather similar to those of the fiber in [7] . However, as the Λ/λ ratio is twice as large (2.84 for an operating wavelength of 1550 nm), the resulting birefringence is almost an order of magnitude smaller (5.35 × 10 −4 , determined by numerical simulation) and the cladding effective index is significantly lower than the fundamental mode indices, thus leading to negligible confinement losses for both polarizations. Comparison between these two fibers further suggests that a scale reduction in a section of the commercial PCF would result in similar propagation conditions to the fiber proposed in [7] . Fiber tapering [19] was then chosen as the post-processing technique to increase the initial birefringence of the commercial PCF [20] , as well as to provide polarization dependent confinement loss. In order to check on this possibility, the commercial PCF was simulated using a commercial software based on the vectorial finite element method (COMSOL ® ). Perfectly matched layers (PML) were used for computational domain truncation and the silica refractive index was calculated by the Sellmeier equation [21] . Firstly, the PDL was numerically determined as a function of the amount of scale reduction, as shown in Fig. 2(a) .
It can be noted that the PDL is maximized for a 70% of scale reduction. However, in this case the confinement loss for the lower loss polarization (slow axis mode) was as high as ~80.5 dB/cm. In contrast, a 66% of scale reduction presented a confinement loss of ~5.4 dB/cm and a PDL of 94.63 dB/cm, and therefore was chosen as the scale reduction target. The corresponding Λ/λ ratio at 1550 nm was 0.97. The resulting, tapered, structure was then simulated for a range of wavelengths from 1510 to 1590 nm. A constant birefringence of ~4.67 × 10 −3 was obtained throughout this spectral region, which is one order in magnitude larger than the initial birefringence and is similar to that of the fiber proposed in [7] . As detailed in section 3, a section of the PCF was experimentally tapered to match the optimum 66% scale reduction, and an electron microscopy image of its cross section is shown in Fig. 1(b) . To account for structural distortions during tapering, the resulting structure was then simulated. The confinement loss, at 1560 nm, at polarizations along the fiber's principal axes, fast axis (FA) and slow axis (SA), in Fig. 1(b) , was calculated through the numerically obtained imaginary parts of the refractive indices. Figure 2(b) shows the light intensity distribution on the cross section of the fiber for both of fundamental mode polarizations. It can be seen that the slow-axis polarization is better confined in the core than the fast-axis polarization. Figure 2(c) shows the confinement loss for both polarizations, indicating that, indeed, the fast-axis mode is considerably lossier. For both polarizations, the loss increases with wavelength, as expected, with the loss of the fast-axis mode increasing faster and resulting in a PDL that increases with wavelength. 
Production of the polarizing tapers
The setup of the tapering rig used to create the high PDL sections in the PCF can be seen in Fig. 3(a) . It consists of a temperature-controlled isobutene and oxygen flame, which heats the section of the fiber to be tapered while DC motors pull it. To ensure that the holes do not collapse and to keep their original relative dimensions (and, therefore, to keep d/Λ and d'/Λ constant), the smaller and larger holes in the microstructure are submitted to different nitrogen (N 2 ) pressures. For such a differential pressure distribution to be obtained, one tip of the PCF had the two larger holes blocked with a polymeric adhesive, which was deployed to the fiber facet with the use of a micropipette [22] ; at the other fiber facet the small holes were collapsed by heating, while the larger holes were left opened. Thereby, by applying different pressures to the opposite fiber tips, the larger and smaller holes are independently pressurized. Several pairs of pressures were tested to keep the fiber's aspect ratio, with the best results obtained with 6 bars and 3 bars in the smaller and larger holes, respectively. The corresponding electron microscopy image can be seen in Fig. 1(b) , which was obtained by cleaving one post-processed fiber at the tapered region. The tapered section has a 66% scale reduction, with d/Λ and d'/Λ ratios of 0.45 and 1.00, respectively, and a Λ/λ ratio of 1.05. All of these ratios are in very good agreement with the numerically optimized ratios for optimized PDL. A good reproducibility of the taper cross section was achieved when the same pressure values were used. Among different samples, the variation of the fiber's final parameters were measured to be ± 2% for the outer cladding diameter; ± 6% for Λ; ± 4% for d'; and ± 5% for d. The taper diameter as a function of fiber position for one sample was measured with an optical microscope and is shown in Fig. 3(b) . The waist is 1.0 cm long, with transition regions of ~1.25 cm in length. 
Optical characterization
The resulting tapered PCF structure was optically characterized in the 1510-1590 nm wavelength range. The characterization setup can be seen in Fig. 4 and consists of a fiber pigtailed external cavity tunable laser, the light of which passed through a fiber polarization controller, an objective (which collimated the beam), two free-space polarizers and a freespace λ/2 waveplate. The polarization controller generated a linear polarization along the axes of the two polarizers, which were parallel to each other. As a result, after the second polarizer, suppression of the cross polarization was better than 60 dB at 1550 nm. The λ/2 waveplate then defined the polarization at the input of the fiber under characterization. An objective was used to couple light into fiber. To ensure that the measured light propagated via the core, another objective was used at the PCF output to obtain an image of its output and an iris was placed on the image plane to block cladding light. The input polarization was then varied by rotating the waveplate and input and output powers were measured for each waveplate angle. The fiber transmittance was calculated as the ratio between the output and the input power for each polarization angle. It is noted that this setup scans only linear polarizations since both the fiber symmetry and simulation results indicate that the tapered fiber's eigenstates are linearly polarized. It is noted that the waveplate imposes a limitation on the highest measurable PDL with this setup. As it is designed to operate at 1550 nm (and it has a nominal retardation accuracy of ± λ/300), its exit polarization is slightly elliptical when it is not parallel to one of its principal axes, especially as the wavelength is tuned. To minimize the impact of this feature on the experiment, an initial characterization was made to determine the tapered PCF's axes of highest and lowest transmission. The two polarizers were then rotated so that their axes were parallel to the fiber axis of minimum transmittance (so that, in this case, the waveplate axes were also aligned, minimizing polarization ellipticity). The polarization controller was adjusted accordingly to maximize power through the polarizers. Fiber transmittance was then measured as a function of polarization angle as described above. The PCF's nominal polarization extinction ratio (>30 dB in 100 m), which is related to the residual coupling between orthogonal polarization modes, is assumed to be sufficiently high so that polarization coupling can be neglected along the fiber.
The results of the optical characterization can be seen in Fig. 5 . Figure 5(a) shows the transmittance at 1560 nm as a function of input polarization angle. As expected for a polarizing element, it exhibits a sinusoidal behavior. The PDL can then be calculated as the ratio between maximum and minimum transmittance. Figures 5(b) and 5(c) show the variation of the PDL with wavelength for two different fabricated samples. It can be seen that the resulting structures are polarizing across the entire characterized spectral range of 1510-1600 nm, with values not lower than 7 dB and 12 dB in the case of samples 1 and 2, respectively. The highest measured PDL value was 35.3 dB/cm (at 1544 nm, for sample 1). It is noted that, unlike numerically predicted, the PDL spectra do not exhibit a monotonic increase with wavelength, presenting numerous peaks and valleys. It is believed that this is a consequence of resonant coupling between core guided and cladding radiation, increasing the core loss for the lossier polarization. Many of such resonances could take place along the taper transition region (at various positions), which was not accounted for in the simulation. These resonances are likely to be highly dependent on the exact fiber structure, which may explain the differences in the PDL spectra for samples 1 and 2. Indeed, simulations show that even the PDL spectrum obtained from Fig. 2(c) , which neglects the taper transition region, varies by up to 3.4 dB/cm and 26.0 dB/cm when d and d' vary by 2%, respectively.
The transmittance obtained experimentally at 1550 nm was up to 15% at the lower loss polarization. Considering that at least 50% of loss occurs during the coupling of light into the fiber, the insertion loss of the tapered region is estimated to be at maximum of 25% (~1.2 dB). This value is lower than expected by simulation (5.4 dB/cm and ~10 dB/cm with the downscaled original PCF cross section and with the cross section shown in Fig. 1(b) , respectively), possibly due to the previously mentioned fiber's sensitivity to variations on the actual structure. 
Conclusions
We proposed and demonstrated a high PDL fiber section through downscaling of a commercial highly birefringent PCF, which is achieved by tapering with differential pressure applied to the holes. The taper waist, with a 66% scale reduction, was 1 cm long and was polarizing in the 1510-1600 nm wavelength range. A maximum polarization dependent loss of 35.3 dB/cm was measured, which is considerably higher than those of commercial (non PCF) polarizing fibers and then most of those experimentally demonstrated with polarizing PCFs. Furthermore, the resulting structure and production of the high PDL section are demonstrated to be extremely simple. Also, the short high PDL section is obtained in an otherwise polarization maintaining PCF, allowing for the creation of an integrated system in which the high PDL section is made directly on the polarization maintaining fiber. This makes these two regions be perfectly aligned to each other, and avoid splice losses and unwanted reflections in splices.
